A polymorphism of the α-subunit of adducin, Gly 460 → Trp, may affect membrane ion transport and be associated with human EH (essential hypertension). The α-adducin Gly 460 → Trp polymorphism was determined in 242 NC (normal controls) and 73 patients with EH and was related to the membrane ion transport marker in EH, erythrocyte Na/LiCT (sodium-lithium countertransport), in a subgroup of these subjects. The K m for external sodium was lower in patients with EH than NC. The K m of the Trp allele was lower than with the Gly/Gly genotype [NC, 105 + − 6 compared with 88 + − 5 mmol Na/l respectively (P = 0.05); patients with EH, 76 + − 5 compared with 64 + − 4 mmol Na/l respectively (P = 0.06)]. The K m was lower in patients with EH than NC for any adducin genotype. Thiol alkylation with NEM (N-ethylmaleimide) caused a decrease in K m in NC, but not in patients with EH. With a Trp allele, NEM lowered K m less in NC (− 20 compared with − 35) and increased it in patients with EH (+ 24 compared with + 3; P = 0.007 for genotype effect). Thiol alkylation with NEM caused an increase in V max in patients with EH but not in NC. With a Trp allele, NEM increased V max substantially in patients with EH (+ 0.12 compared with + 0.03) but did not cause a decrease in NC (+ 0.02 compared with − 0.06; P = 0.007 for genotype effect). In conclusion, the Gly 460 → Trp polymorphism of α-adducin modifies the kinetics of Na/LiCT. The effect of this genotype is different in patients with EH compared with NC and it does not explain the abnormal kinetics in patients with EH. The Trp allele was not associated with disease in the population studied. Several cytoskeletal proteins may interact with adducin in the overall phenotype of EH.
INTRODUCTION
The pathogenesis of EH (essential hypertension) remains unclear. Several cell membrane ion transport pathways have been reported to be abnormal in EH, but none has been clearly established in the pathogenesis of EH. Erythrocyte Na/LiCT (sodium-lithium countertransport) has been found consistently to be abnormal in a subgroup of patients with a family history of EH and other risk factors for cardiovascular disease (metabolic syndrome) [1] . Na/LiCT has a major inherited component, but is also affected by environmental/metabolic factors, notably circulating plasma lipid concentrations [2] . Hence it has not been a clear marker of disease or disease susceptibility and some studies have shown poor discrimination from NC (normal controls) [3, 4] . However, the consistent finding of abnormal Na/LiCT in some groups of patients with EH justifies attempts to understand the molecular mechanism for the association with disease. The use of simple ion flux rates in clinical studies has been criticized as giving a poor level of information and being susceptible to confounding factors [5] . A more rigorous analysis of a transporter's kinetic parameters V max and K m provides better discrimination. In EH, K m of Na/LiCT is decreased and the V max /K m ratio is increased [6] . Further useful discriminating information is obtained by observing the effects of thiol alkylation with NEM (N-ethylmaleimide) on these kinetic parameters. Characteristically, NEM decreases K m and increases V max /K m in normal controls but not in patients with EH. These effects have been discussed previously [7, 8] .
The molecular explanation for the link between abnormal Na/LiCT and disease remains unclear. However, it has been shown that the NEM reaction alters the actin filament protein tropomyosin and that the expression of this cytoskeletal protein is altered in disease [8, 9] . Adducin is a heterodimeric cytoskeletal protein that lies close to tropomyosin at actin filament ends in its role as a capping protein. Adducin is a major component of the submembranous protein cytoskeleton. Its main function is to promote the organization of spectrin into the spectrin-actin lattice in a Ca/calmodulin-dependent manner [10] . Adducin binds to actin such that it may influence contractility in vascular smooth muscle cells [11] . Mutations in the α-adducin gene have been suggested to influence ion transport [12] [13] [14] . The Gly 460 → Trp polymorphism in α-adducin is a common polymorphism which has been related to human EH in studies by Bianchi and co-workers [15, 16] , with the suggestion that individuals carrying the Trp allele have an increased predisposition to salt sensitivity and EH. Thus a relationship between this adducin polymorphism and the abnormal kinetics of Na/LiCT that are seen in EH is biologically plausible.
The aim of the present study was to determine the relationship between the α-adducin Gly 460 → Trp polymorphism and Na/LiCT in subjects without and with familial EH. Adducin genotype was also determined in a larger group of patients and controls for comparison of prevalence in our population with previous studies. Part of this work was presented at the Renal Association Spring Meeting, York, U.K., 9-10 April 2002.
METHODS

Patients
All studies were approved by the Local Research Ethics Committee, and informed consent was obtained from all subjects. We studied 73 patients with familial EH and 242 NC. The patients with EH were selected from hospital hypertension clinics. All had a positive family history of EH affecting at least two first-degree relatives. NC were members of the hospital and university staff and individuals previously selected for other studies at the Westlakes Research Institute. All had blood pressure < 140/90 mmHg, no history of diabetes, random blood glucose < 8.0 mmol/l and no family history of hypertension or diabetes mellitus affecting first-degree relatives. Thirty-two patients with EH and 27 NC selected randomly from the above had Na/LiCT kinetic measurements performed on their erythrocytes. The physical and biochemical characteristics of these individuals are shown in Table 1 .
Erythrocyte Na/LiCT assay
The method used was similar to that described previously [7] . Erythrocytes from lithium heparinized (125 international units/10 ml) venous blood were incubated in lithium-loading solution [140 mmol/l LiCl, 10 mmol/l Li 2 CO 3 , 10 mmol/l glucose, 10 mmol/l Tris/Mops (pH 7.5), 290 + − 2 mosmol/l] for 1.5 h. Erythrocytes were then washed in choline medium [139 mmol/l choline chloride, 1 mmol/l MgCl 2 , 10 mmol/l glucose, 10 mmol/l Tris/Mops (pH 7.4), 290 + − 2 mosmol/l] and incubated at a packed cell volume between 3 and 6 % in choline medium containing ouabain (10 −4 mol/l ouabain) or medium with a range of sodium concentrations (20-150 mmol/l) made by replacing choline with sodium. Samples were taken up to 90 min incubation at 37
• C for lithium measurement using a PerkinElmer 3110 atomic absorption spectrometer. Erythrocytes contained 9.0 + − 1.0 mmol Li/l erythrocyte. Osmolality was measured using a Camlab osmometer.
Kinetic parameters of Na/LiCT activity
The standard equation flux rate = V max − K m (So) × flux rate/[Na] e gave K m (So) (K m of extracellular Na for NaLiCT) from the slope, V max from the intercept on the y-axis and V max /K m from the intercept on the x-axis of the plot of flux rate versus flux rate/[Na] e (extracellular Na).
Thiol group alkylation with NEM
Erythrocytes (0.5 ml), washed free of external sodium with choline medium, were suspended in 3 ml of choline or sodium medium and excess NEM (3 µmol in 100 µl of choline medium) was added to the prewarmed suspension and incubated at 37
• C for 100 s. The reaction was stopped with a 5-fold excess of 2-mercaptoethanol in choline medium [17] . Native erythrocytes suspended in choline medium were treated with 2-mercaptoethanol only. Erythrocytes were washed in choline medium and Na/LiCT was assayed as described above.
Identification of the Gly 460 → Trp polymorphism in α-adducin
Blood was collected into EDTA tubes and either stored at 4
• C or − 20
• C prior to DNA extraction. DNA was extracted from whole blood using a GFX TM Genomic blood DNA purification kit (Amersham Biosciences). GFX TM purification uses a chaotropic agent to extract nucleated blood cells and facilitates the binding of genomic DNA to a glass fibre matrix contained in a MicroSpin column. Contaminants were removed with ethanolic washes and the purified DNA was eluted in a low-ionic strength buffer. From 300 µl of blood, the typical yield of DNA was 4.5-7.5 µg. Recovered DNA was stored at − 20
• C prior to PCR amplification.
Amplification was by the mutagenically separated PCR technique using two allele-specific primers containing deliberate differences to minimize cross reactivity and one non-specific complementary strand primer. Two PCR reactions were used, one for the Gly and one for the Trp variant. The primers used were as reported previously by Kato et al. [18] : FP-614G, 5 -GGGGCGA-CGAAGCTTCCGAGGTAG-3 ; FP-614T, 5 -GCTG-AACTCTGGCCCAGGCCGACGAAGCTTCCGA-GGATT-3 ; and RP-614, 5 -CCTCCGAAGCCCCA-GCTACCCA-3 . PCR was performed in an Omn-E thermal cycler (Hybaid). A portion (100 ng) of DNA was amplified in a 25 µl reaction mixture containing 10 mmol/l Tris/HCl (pH 8.0), 50 mmol/l KCl, 0.1 % Triton X-100, 1 unit of DNA polymerase (DyNAzyme; Flowgen), 1.5 mmol/l MgCl, 0.5 µmol/l primers and 50 µmol/l dNTPs.
Initial denaturation was at 95
• C for 3 min, followed by 35 cycles of denaturation at 95
• C for 30 s, annealing at 70
•
Statistics
Parameters are expressed as means + − S.E.M. The Na/ LiCT parameters were analysed using a mixed factorial ANOVA model with NEM treatment as a within-subject factor and EH (versus NC) and adducin genotype (Gly/Gly compared with Gly/Trp + Trp/Trp) as between-subject factors. Gly/Trp and Trp/Trp genotypes were combined for all analyses to produce a Trp allele group, because the number of Trp/Trp individuals was small. Univariate data were analysed using one-way ANOVA, paired Student's t test or χ 2 , as appropriate.
RESULTS
Clinical data on the 32 essential hypertensive patients and 27 NC in which both Na/LiCT and adducin genotype were determined are given in Table 1 . Patients with EH had significantly higher blood pressure despite treatment and also had slightly higher triacylglycerol levels than NC. There was a similar proportion of males in both adducin genotype groups. Adducin genotype frequencies were similar in the patients with EH and NC. In untreated erythrocytes, the K m of Na/LiCT was lower (P < 0.001) and the V max /K m higher (P = 0.002) in patients with EH compared with NC (Table 2 ). There was no difference in the V max of Na/LiCT between patients with EH and NC (P = 0.79). The K m was higher in subjects with the Gly/Gly genotype than in those carrying a Trp allele in both NC (P = 0.05) and patients with EH (P = 0.06; Table 2 ). However, for each genotype, the K m was lower in the patients with EH compared with the NC (P < 0.001; Table 2 ). V max (P = 0.80) and V max /K m (P = 0.24) were not different between genotypes ( Table 2) .
The change in both K m and V max caused by reaction with NEM was different in erythrocytes from patients with EH and NC (P < 0.001 and P < 0.003 respectively, for difference in the effect of NEM). In NC, NEM decreased K m from 98 + − 5 to 69 + − 3 mmol Na/l (P < 0.001). In contrast, in patients with EH, the K m increased from 72 + − 4 to 82 + − 5 mmol Na/l (P = 0.048).
Reaction with NEM caused a slight decrease in V max in erythrocytes from NC (0.39 + − 0.03 to 0.36 + − 0.03 mmol Li · h −1 · l −1 erythrocytes; P = 0.05) whereas, in patients with EH, there was an increase from 0.40 + − 0.03 to 0.46 + − 0.03 mmol Li · h −1 · l −1 erythrocytes (P = 0.025). The result of these effects of NEM was that, in NC, V max /K m increased from 4.08 + − 0.31 to 5.17 + − 0.38 (P < 0.001), whereas, in patients with EH, there was no significant change (P = 0.017 for the difference in NEM effect).
The adducin genotype had a different effect on the NEM reaction in erythrocytes from NC and patients with EH. In NC, the effect of NEM on K m was not different by genotype, with reductions in both Gly/Gly (P < 0.001) and Trp allele (P = 0.019) genotypes (Table 2) . However, in patients with EH, the effect was different (P = 0.027 compared with the effect in NC). NEM had no effect in the patients with the Gly/Gly genotype, but increased K m (P = 0.034) in the Trp allele group ( Table 2) . As shown in Table 2 , in NC, V max was decreased by NEM in subjects with the Gly/Gly genoytpe (P = 0.001), but did not change significantly (P = 0.416) in those with the Trp allele (P = 0.005 for difference in NEM effect). In patients with EH, V max increased in the Trp allele group (P = 0.010; Table 2 ), but not significantly in the Gly/Gly group. V max /K m increased in the NC in both genotypes (P < 0.001). In patients with EH V max /K m did not change significantly in either genotype.
In the larger groups of NC and patients with EH in which only adducin genotype was determined (Table 3) , there was no significant association of the Trp allele with disease (χ 2 = 2.36; P = 0.12). The odds ratio for association of the Trp allele with disease was 0.64 (95 % confidence interval, 0.37-1.13). 
DISCUSSION
The results in the present study indicate that adducin structure affects the kinetics of Na/LiCT with the Trp allele associated with a lower K m for extracellular Na.
Since there was no difference in V max , this is probably due to increased Na binding affinity. Although low K m is characteristic of EH, adducin did not explain the lower K m value in the EH patients, since K m remained significantly lower in patients with EH than NC without and with a Trp allele. The effect of NEM on Na/LiCT, which is also characteristically abnormal in EH, is also affected by adducin structure. Again the Trp allele was associated with a more extreme abnormality relative to NC; however, there is clearly a further factor in addition to adducin that causes the abnormal kinetics in patients with EH. The results indicate that the effect of adducin on the Na/LiCT kinetics is related to the action of NEM. It has been shown by labelling studies that the NEM reaction that alters Na/LiCT kinetics causes a change in the cytoskeletal actin filament binding protein tropomyosin. The effect on Na/LiCT presumably occurs as a result of the interaction of tropomyosin with actin filaments of the cytoskeleton. At the actin filament ends, tropomyosin is close to adducin and it seems likely that, if NEM has its major effect on tropomyosin, adducin could modify the response in Na/LiCT kinetics mediated through actin filaments. The effect of the NEM reaction on tropomyosin is to decrease K m , and this effect is clearly abnormal in EH. The adducin genotype does not explain this abnormal response in EH, since the patients with EH are abnormal no matter which adducin genotype they carry. However, the carriage of a Trp allele at the adducin locus antagonizes the effect on Na/LiCT of the NEM reaction with tropomyosin. The presence of a Trp allele in adducin modifies this effect so that in NC the decrease is less (− 20 compared with − 35 mmol Na/l) and, in patients with EH, no change becomes an increase (+ 3 compared with + 24 mmol Na/l) compared with the Gly/Gly adducin allele.
The interaction between adducin genotype and other factors altering Na/LiCT kinetics in EH (e.g. tropomyosin) is apparent in the baseline values for the Na/LiCT kinetics. The K m for Na/LiCT is lower in patients with EH than NC in both the absence and presence of an adducin Trp allele and is, therefore, likely to be the effect of another factor. However, carriage of a Trp allele for adducin lowers K m further in NC and probably in patients with EH.
The only previous attempt to investigate an association between the α-adducin genotype and Na/LiCT used the simple lithium flux measurement at 140 mmol/l Na in patients with EH [14] . This showed a higher mean value of 0.326 mmol Li · h erythrocytes after inactivation of thiol groups with NEM, which are very similar to those in the previous study [14] . Thiol groups are very vulnerable to oxidation and it appears that environmental factors may be important in the effect of the α-adducin genotype on cell function. Although no significant association between the Trp allele at the adducin locus and EH could be demonstrated, this was not a primary objective of the present study, and the number of patients studied was smaller than in previous studies which showed the Trp allele to be a risk factor for EH. Nonetheless, the trend was for the Trp allele to give a protective effect and the 95 % confidence interval for the odds ratio was outside the limits of previous studies [19] . The lack of association between the Trp allele and EH in our study group is similar to results from several previous studies [18, 20, 21] .
In conclusion, the present study demonstrates that cytoskeletal adducin influences ion transport in erythrocytes as measured by Na/LiCT. There are a number of possible explanations for our finding that, although the adducin Trp allele is associated with Na/LiCT kinetics in the direction characteristic of EH, alone this does not give abnormal values and correspondingly is not associated with hypertensive disease in the present group of subjects. However, the use of an intermediate phenotype, such as Na/LiCT, will be useful in the elucidation of complex genetic diseases such as EH.
